A culture system for digesting forages utilizing washed ruminal bacteria was examined. Cultures inoculated with washed bacterial suspensions had similar cellulolytic populations but lower methane production rates than did cultures inoculated with rumen fluid. Subsequent experiments utilized washed cell suspensions. Urea supplementation (8 mM) increased total bacterial and cellulolytic populations after 24 h of incubation but did not alter methane or VFA production. After incubation, alfalfa hay residues were fractionated by sequential extractions. Soaking hay in buffer alone resulted in a 15% weight loss, mostly from materials extracted by ethanol and .5 M H 2 S04' About half of the watersoluble materials were lost within 2 h, pectin within 12 h, and hemicellulose and cellulose digestion began after 12 h. Neutral detergent fiber and oxalateinsoluble material losses were detectable at 6 and 12 h, respectively. Total dry weight decreased throughout incubation. Analysis of extracts indicated that carbohydrate concentrations followed patterns of dry weight losses. Thus, washed bacterial cell suspensions can be used to ferment forages in a rumen-like fashion to study the biochemical processes involved in digestion, which would be limited by intrinsic factors of the forage materials.
INTRODUCTION
Quantitative study of forage degradation in vivo is limited by uncontrollable variables including differential particle passage rates, growth factor composition and amount, interaction between dietary components, and intrinsic animal differences (1, 6, 7) . Various in vitro procedures, such as the method of Tilley and Terry (30) , have been used to measure rates and extent of digestion (10) but are limited by contamination of feed particles from rumen fluid and by variability in medium growth factor concentrations caused by variations in animal diets (5, 12, 20, 22) .
Objectives of current research included development of an in vitro incubation system for forage digestion using a bacterial cell suspension derived from rumen contents but separated from forage particles and washed free of rumen fluid growth factors. Criteria this system would have to meet for a rumen-like fermentation were 1) methane production; 2) normal VFA formation with absence of ethanol and succinate; and 3) growth of bacteria, such as the cellulolytics, with degradation of the forage. A second objective was to use the system to monitor time course sequences of changes in forage composition using sequential extraction procedures (3) coupled to sugar analyses by liquid chromatography. Using these approaches and eventual measurements of specific enzyme activities, we hope some clear understanding of the biochemical processes of digestion in mixed bacterial species systems can be obtained.
MATERIALS AND METHODS

Bacterial Suspension Preparation
Rumen content samples were taken from a 500-kg Holstein steer fed a ration of 2 kg of grain mix and 14.5 kg alfalfa hay once daily. The grain mix was composed of (wt/wt) 84.5% shelled corn, 13% soybean oil meal, and 2.5% minerals plus vitamins. By analysis (Agricultural Testing and Consultants, Twin Falls, ID) the alfalfa hay (ADF = 42%, CP = 16%) was similar to NRDC 1-00-063. Rumen content samples were collected just prior to feeding, and both an unwashed, blended rumen fluid suspension and a washed bacterial cell suspension were prepared (34) . At all times, processing used completely anaerobic conditions involving sealed centrifuge bottles (Ivan Sorval), oxygenfree gases and buffers, and use of an anaerobic glovebox. The washing and resuspension buffer was S-buffer (34) modified by the deletion of dibasic potassium phosphate and use of 2 ml/lOO of 2.5% (wt/vol) L-cysteineoHCI in place of dithiothreitol.
Culture Systems
All in vitro incubations were done using 100-ml stoppered seram bottles connected to 60-ml syringes by 20-gauge needles inserted through the stopper to allow for expansion and capture of fermentation gases. Each bottle contained 500 mg alfalfa hay (same as fed to animal; ground to pass a 2-mm screen), 40 ml of in vitro incubation, forage digestion (IVIFD) buffer, 10 ml of washed bacterial cell suspension, and an oxygen-free CO 2 atmosphere. The IVIFD buffer was that of Lowe et al. (21) but without carbohydrate, yeast extract, trypticase, and ammonium chloride. Bottles were incubated at 39°C.
Bacterial Counts
Direct cell counts were determined on aliquots removed from incubated bottles, diluted In formalin-saline (32) , and counted in a Petroff-Hauser chamber. Viable cellulolytic bacteria· in inocula and in aliquots removed from incubated bottles were estimated by the most probable number technique (10 tube) using a cellulose broth medium (17) .
Fermentation Products
Gas chromatographic procedures were used to determine hydrogen and methane contents of fermentation gases (33) and fatty acid concentrations and alcohols of fermentation supernatants (18, 27) . Ammonia was determined by the procedure of Chaney and Marbach (9).
Carbohydrate Extraction
Samples of undigested and digested alfalfa hay from in vitro incubations .were analyzed using neutral detergent extraction (31 Hay or dried in vitro residues were incubated (30°C, 12 h) with acetone (10 ml) and centrifuged. Pellets were washed once with acetone (10 ml) and recentrifuged. In this step and subsequent steps, extracts were separated from particles by centrifugation (4300 x g, 5 min, 25°C) and extracts collected. Residues were dried for weighing (45°C under a stream of warm air) between extractions. Acetone extracts were combined and taken to drvness at 45°C under a stream of air. Dried 'acetone extracts were dissolved in .5 M H 2 S04 (10 ml), hydrolyzed (1 h, 100°C) in marble-topped tubes, and the resulting hydrolysates were analyzed for total carbohydrate content (14) . Acetone-extracted residues were extracted twice with 80% (vol/vol) ethanol (10 ml, 90°C, 5 min per extraction). The combined ethanol extracts were dried, hydrolyzed in .5 M H 2 S04 (10 ml, 100°C, 1 h), and the resulting ethanol hydrolysates were analyzed for total carbohydrate content (2) and for individual sugars by HPLC (see next section). Ethanol-extracted residues were refluxed twice with water (10 ml, 100°C, 15 min each). Combined water extracts were analyzed for total carbohydrate content (2) and for individual sugars by HPLC after addition of H 2 S04 to .5 lH and hydrolysis (100°C, 1 h). Water-extracted residues were refluxed twice with .5% (wt/vol) ammonium oxalate (10 ml, 100°C, 45 and 90 min), washed once with hot water (5 ml), and the wash fluid was combined with both oxalate extracts. The combined fluid was made up to .5 iH H 2 S04 and hydrolyzed (100°C, 1 h). The resulting oxalate hydrolysates were analyzed for total carbohydrate content (14) and for individual sugars by HPLC. Oxalate-extracted residues were refluxed twice with .5 M H 2 S04 910 ml, 100°C, 1 h each) and washed once with hot water (5 mI). Wash fluid was combined with both acid extracts, and resulting fluid was analyzed for total carbohydrate content (14) and for individual sugars by HPLC. Wet, washed, acid-extracted residues were rinsed into scintered glass crucibles (Gooch) and dried. Dried residues were wetted with 72% (wt/vol) H 2 S04, incubated for 3 h at room temperature, and washed four times by filtration using hot water washes (5 mI). The filtrate was brought to 50 ml with water and analyzed for total carbohydrate content (2).
High Pressure Liquid Chromatography Procedures
Samples from the extraction procedure were prepared for HPLC analysis as follows. Samples. Samples (5 ml) were transferred to 30-ml beakers, and Ba(OHh crystals were slowly added with stirring until the pH was greater than 5. The BaS04 precipitates were removed by centrifugation (12,300 x g, 10 min, 15°C). Dowex 50W-X8 cation resin was added with stirring to precipitate-free supernatant fluids until the pH stabilized (usually at 3). The resin was then removed by filtration and washed once with .5 ml water. Wash fluids were added to the samples. Dowex 2-X8 anion resin was added to the mixtures with stirring until the pH exceeded 10. The resin was removed by filtration, washed as before, and wash fluids were added to the samples. The final solutions were lyophilized to dryness and resuspended in 1 ml of water containing 1 mg of cellobiose as an internal HPLC standard. The Ba(OHh crystals were used to prevent dilution of samples. Retrospectively, because samples had to be lyophilized to concentrate the sugars enough to detect, a solution of Ba(OHh would have been easier to use and would have provided more control over pH. Alternative columns using H 2 S04 as eluant, not available at the time, also would have simplified the procedure.
Samples (25 ml) of centrifuged culture fluid from in vitro incubations were lyophilized to dryness and hydrolyzed in 5 ml of .5 Ai H 2 S04 using a boiling water bath. Hydrolysates were passed through Sep-pak C-18 cartridges (Waters Associates, Boston, MA) and filtrates treated with resins in the same manner as extract samples.
Final samples were analyzed by HPLC using a Waters M-5 chromatograph equipped with a Bio-Rad HPX-87C carbohydrate column. Column temperature was maintained at 85°C. Solvent phase was water. Eluted sugars were detected on a Waters R-400 differential refractometer.
Statistical Methods
Most probable number counts of cellulolytic organisms from rumen fluid and washed cell suspensions were compared by paired t tests (19) . Rates of methane production were compared by analysis of regression (24) . Treatment means for methane production by rumen fluid and washed cell suspensions, and washed cell suspensions incubated with and without urea from each time point during incubation were compared by t test using variance pooled within incubation time (19) . Weights of extract fractions in dried hay and hay soaked in buffer were compared using t tests and pooled variances. Weights extracted and sugars present in .5 M H 2 S04 hydrolysates from separate cultures during incubation were analyzed by one-way analysis of variance using BMDPIV (BMDP Statistical Software, Inc., Los Angeles, CA).
RESULTS
Inocula Characteristics
The number ( (Table 4) .
Changes with incubation time in total dry weight and weights extracted by different solutions are presented in Table 5 . Total dry weight from 0 and 2-h samples were similar; at all other times total dry weights differed (P<.05). Weight of material extracted by
Carbohydrate and Sugars in Extracts
Traces of sugar were present in acetone extracts of dried hay, but carbohydrate could not be detected in acetone extracts after soaking the hay in buffer. Carbohydrate extracted by ethanol after soaking the hay in buffer was less than 20% of that found in dried hay. Glucose equivalents in ethanol extracts at various digestion times followed (but did not equal the weight of) dry matter extracted. I""'II""'I--~""""""""",,
<;-c.. ' " ...
.::
>.
-a '"-0 :r.
Glucose equivalents patterns in water and ammonium oxalate extracts were similar to the results from ethanol extracts, and during digestion, glucose equivalents disappeared in relation to DM disappearance. Carbohydrates in the .5 M H 2 S04 extracts followed DM loss. Carbohydrate was not detected in culture supernatants after inoculation. The HPLC analysis of neutral sugars in various extracts revealed that ethanol extracts contained primarily glucose and xylose with less of arabinose. whereas water extracts contained low but equal amounts of these three sugars. Ammonium oxalate extracts did not contain xylose, but contained, in decreasing order, arabinose, galactose, and glucose.
Weights of individual sugars in .5 Ai H 2 S04 extracts are in Table 6 . Decreased sugars in the extracts correspond in time to losses in weight of .5 iH H 2 S04 extract fractions. Glucose did not start to disappear until after 12 h but was completely gone by 48 h. Xylose showed no clear pattern of loss. Galactose began to decline by 6 h with a clear loss visible by 19 h. Arabinose declined starting between 6 and 12 h. As could be expected, soaking hay in buffer and inoculation altered values of sugars extracted from hay.
DISCUSSION
A successful in vitro culture system using a washed cell inoculum was developed. Although cultures inoculated with rumen fluid produced more methane than cultures inoculated with a washed cell suspension, hydrogen did not accumulate to any significant concentration during incubations with either inoculum. Thus, there were enough methanogens to consume any hydrogen produced during fermentation and to prevent a shift to production of more reduced fermentation products. Similarly, losses of cellulolytic organisms due to washing were rather minimal.
Cultures without supplemental urea produced only small amounts of ammonia before 48 h in agreement with the results of Russell et al. (25) , who demonstrated that in vitro cultures did not produce ammonia from pep tides until carbohydrates limited growth. Ammonia produced by cultures without urea was less than the amount that would be produced by deamination of cysteme in the suspending . , , . , " eans 10 a co umn nOt s artng a common superscnpt I er ( <. ').
buffer. Addition of urea had no effect on production of fermentation products. These results are similar to other data in which supplemental nitrogen did not effect DM loss in alfalfa because alfalfa is high in protein (l, 11, 26) . However, supplemental urea increased cellulolytic counts at 12 and 24 h and total bacterial counts at 6, 18, and 24 h. Overall, increased ammonia enhanced microbial growth but had little effect on fermentation. Digestion of alfalfa hay using the washed bacterial inoculum culture system was followed by monitoring of digestion of various components from an extraction procedure. Acetone extraction removed pigments and other lipidlike materials but not soluble sugars. Increases in acetone-extractable material during the first 19 h, although not significant, may be due to microbial growth, whereas decreases seen at 48 h (corresponding to an increase in ammonia, data not shown) may indicate bacterial lysis. Carbohydrates present in acetone, ethanol, and water extracts were removed by the buffer but could not be detected in culture supernatants, which is consistent with rapid fermentation of soluble carbohydrates by microbial cells.
Ethanol-soluble material remaining after soaking did not decrease during incubation and contained only a small amount of carbohydrate. Similarly, water-soluble material remaining after 2 h of incubation did not decrease with further incubation. These fractions should have contained sugars, starches, and water-soluble carbohydrates and should have been rapidly fermented. Observations that these fractions remained at low concentrations throughou t digestion indicates that other materials of low digestibility were also extracted. The composition of these residual materials is unclear.
Pectic fraction digestion could be followed by weight losses (Table 5) . Weight losses paralleled visual observation of losses in polygalacturonic acid gel that floated to the top of tubes when acid was added to hydrolyze the extract. Pectic materials were primarily digested in the first 12 h. Small amounts of weight extracted after 12 h are probably due to removal of samll particles with supernatants. Losses of hemicellulose and cellulose were detected after 6 h both as weight and carbohydrate losses. These losses appeared to continue through 48 h of incubation.
Changes in individual sugar compositions in the hemicellulose fraction indicates that the digestion coefficients for individual sugars vary. Glucose was readily lost, galactose and arabinose have intermediate values, and xylose was not readily lost. These data are similar to pUblished findings (4, 13, 15, 23) . The decreases in sugars corresponds in time to decreases in weight of the hemicellulose fraction.
Soaking air-dried hay in buffer removed soluble sugars that had been present in acetone, ethanol, water, and oxalate extracts, but changes in dry weights of materials in these extracts were only significant for ethanol extracts. Material extracted by .5 M H 2 S04 may contain protein in addition to hemicellulose as differences in weight between NDF and oxalate insoluble material are very close to the amount of protein expected from total nitrogen. In addition, glucose equivalents in .5 M H 2 S04 extract fractions per unit of dry weight extracted were only half of the value in 72% H 2 S04 extracts. Materials in the oxalateinsoluble residue lost by soaking in buffer might also be protein.
Use of centrifuge tubes for extraction, followed by centrifugation and drying, allowed small (500-mg) samples to be used with some accuracy, as opposed to using filter systems. Acetone extraction improved the procedure by removing green pigments that would have been extracted by ethanol but removed traces of soluble sugars only from dried hay. An enzymatic starch hydrolysis step may be needed for feedstuffs high in starch, because hot water is not particularly efficient at removing starch (8, 15, 16, 28, 29) . All extracts should probably be tested for protein to determine how much weight protein contributes to the weight of each extract fraction. If necessary, the procedure could be modified to include protein hydrolysis.
In summary, a culture system using a washed cell suspension was examined and produced a rumen-like fermentation. Digestion of alfalfa hay was monitored by sequential extraction of residue materials and analysis of extracts by chemical assays and HPLC. These procedures represent an initial step toward developing the techniques to study the biochemistry of microbial digestion of feedstuffs and of plant cell wall catbohydrate architecture at a quantitative level not possible under in vivo conditions.
